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Abstract

In order to investigate the ion-optical parameters of the AECR-U injection
line into the 88-Inch Cyclotron, an electrostatic-deflection-type emittance
scanner has been designed and constructed. It allows fast on-line
measurements, while tuning the ion beam through the cyclotron. Emittance
measurements have been performed for various high charge state ions. First
results indicate a strong mass dependence of the normalized beam emittance.
For example the normalized rms emittance for protons (0.24 7-mm-mrad) is
four times higher than for O6+ (0.06 7-mm-mrad) and about 8 times higher
than Kr19+ (0.03 7-mm-mrad). Furthermore it was found, that the emittance
values are approximately independent of the current at the medium ion beam
intensities. The predominant factor on the beam emittance is shown to be the
plasma stability. The emittance measurements and the results are discussed
in the paper.

1. The AECR-U ion source performance

The AECR-U ion source started operation in 1990, but was
substantially upgraded to the current AECR-U in 1996 [1].
The AECR-U ion source is optimized for the production
of high charge state ions by combining all of the current
ECR ion source improvement techniques, including alumi-
num chamber walls, two-frequency plasma heating, cold
electron injection, radial pumping and strong magnetic con-
finement. Microwaves of two frequencies, 14 and 10 GHz
drive the AECR-U plasma. Six radial slots provide
additional pumping of the plasma chamber, which improves
the stability and high charge state performance of the ion
source. The radial slots also provide easy oven access to
the plasma chamber. Up to three different metal ions can
be produced with the AECR-U at the same time with
two different oven types.

Table I lists some of the high charge state ion beams pro-
duced by the AECR-U ion source. The highest charge state
accelerated with the 88-Inch Cyclotron was U®™, which
is the highest charge state ion extracted so far from an
ECR ion source [2].

2. The mass analyzing system and emittance scanner

The mass analyzing beam line section consists of a Glaser
lens (magnetic solenoid with iron return yoke), which
focuses the beam to the first set of slits at the focal point
of the spectrometer magnet. The 90-degree bend magnet
analyzes and refocuses the ion beam through a second set
of slits on to a Faraday cup (with a secondary electron sup-
pression of —150V). The 90-degree bending magnet pro-
vides a mass resolution of m/Am = 50 at the horizontal
slit (xx’-plane) opening of 12mm. The vertical (yy’-plane)
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slits are opened to 20 mm. Typical ion beam transmission
through the analyzing system at this setting is 50 to 70%.
All the emittance measurements were taken at these slit
openings.

3. The emittance scanner

The emittance scanner is located 30 cm downstream of the
horizontal focal point of the analyzing magnet. The
electrostatic-deflection-type emittance scanner has been
designed and constructed at the 88-Inch Cyclotron. A
detailed description of the mechanical design and the
analyzing software can be found elsewhere [3]. The measure-
ment principle [4] is shown in Fig.1. The beam enters
through the entrance slit and gets deflected by parallel plates
into a Faraday Cup. The deflection voltage is proportional
to the divergence of the beam at this location. As the scanner
is moved stepwise through the beam the voltage of the
deflection plates is varied at each step to determine the diver-
gence and intensity distribution of the beam at this location.

Table 1. Example high charge state ion beams produced by
the LBNL AECR-U (currents measured after the analyzing
magnet).

Ton IlepAl Ton IlepA]
Ar'T 120 Ca''* 225
Nef+ 260 Ca'o* 0.25
Ne’*+ 110 Col3+ 113
A7+ b yiz+ 90
Ar'® 0.12 AU 13
Kr'o* 75 Au*t 1
K28+ 2 Bi*** 85
Xe6t 51 Bi*"* 0.15
Xe3ot 1 udt+ 25
Xe38+ 0.25 U0+ 0.5
Stepwise movement of the
Electrostatic Deflection Plates scanner head
Faraday Cup
EU ’/ | ‘ Ion Beam
Trajectory
S —I
Biased Shield Ground Shield

Enfrance and Exit Slits
Fig. 1. Measurement principle of the electrostatic emittance scanner.
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Fig. 2. Comparison of the normalized emittance values for different masses
and charge states.

The statistical rms emittance is then determined according to

tams = V(< X2 > <x?>— <x-x >2,

gyrms:\/(<y2>'<y/2> —<y-y >27 (1)
X =po/p. Y =py/p-s

with x representing the horizontal axis and y the vertical axis
in the plane perpendicular to the beam direction z, and x" and
y' representing the angles of divergence. The averages are
weighted by the beam intensity.

In order to compare emittances for different masses and
charge states, the emittance values are normalized to the
longitudinal velocity according to,

Erms,norm — €rms * ﬁ Y

p=i. g=0-p" @

4. Emittance measurements

Systematic ion beam emittance measurements in both the
horizontal (xx’) and vertical plane (yy’) were performed
for a wide range of ions. The dependence of the normalized
xx emittance values for helium and charge state distri-
butions of oxygen, krypton and bismuth on the mass to

07, €om=0.1 p mm mrad

charge ratio M/ Q is shown in Fig. 2. A similar dependence
was measured for the vertical plane. The emittance values
for a particular charge state distribution were measured
at the same plasma condition, only the settings for the Glaser
lens and the analyzing magnet were changed. The emittance
decreases systematically with increasing mass, more than
can be explained by the concentration of hot electrons on
axis. This may be due to cooling of the heavier masses
by ion-ion collisions in the plasma.

Within a charge state distribution for a particular element
the measured emittance decreases for higher charge states.
These results are consistent with the model that highly
charged ions are created closer to the center of the ECR
plasma, where hot electrons are confined. This hot electron
core also confines the highest charge state ions in the elec-
trostatic well. The low charge state ions can be produced
at the outer shell of the ECR plasma and therefore have
higher emittance values. This is also in agreement with
the observation, that the extracted currents for high charge
state ions decrease less than those for low charge state ions
after reduction of the extraction hole diameter [5].

As an illustration Fig. 3 shows the emittance pattern for
O" and 0%, &,om=0.1 and é&yorm= 0.03 m-mm-mrad
respectively. O' with an ionization potential of 13.6 eV
can be created in the outer plasma regions. On the other
hand, O%" with an ionization potential of 871 eV is created
close to the hot electron region in the source center.

The dependence of the normalized xx’ and y)’ emittance
values on the charge state is shown in detail in Fig. 4 for
a bismuth charge state distribution (CSD) optimized for
medium charge state ion production. The beam currents
measured for each charge are plotted in Fig. 5 for reference.

It is evident, that the emittance value is predominantly
dependent on the charge state and not on the current at these
ion beam intensities. For instance the ion beam emittance of
18.8euA of Bi*'™ was measured to be 0.07 7-mm-mrad,
while the emittance of 18 euA of Bi** was 0.03 7-mm-mrad.

Furthermore, the emittance is approximately independent
on the current over a wide range of extracted currents for
given charge state. For Ar’" the normalized rms emittance
values were measured to be 0.067, 0.064, 0.065,
0.058 =-mm-mrad at total extracted currents of 0.75, 0.86,
1.2 and 2 mA, delivering 10, 52, 108 and 145euA of Art
at 15 kV extraction voltages. The emittance values changed

0%, Gom=0.03 p mm mrad

Fig. 3. Emittance patterns (x' [mrad], x [mm]) for O" and 0% (Please note the different axis scales of the two measurements).
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Fig. 4. Dependence of the normalized xx’ and yy’ emittance values on the
charge state for a bismuth charge state distribution.
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Fig. 5. Bismuth charge state distribution used for the emittance measurements
of Fig. 4.

50 emA Kr'*,
Stable plasma
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Fig. 6. Emittance patterns (x’ [mrad], x [mm]) of two different ion source tunes for a high intensity 86K 1!+ beam (Please note the different axis scales of the two

measurements).

less than 10% over the mentioned intensity range, the lowest
emittance was actually measured at the highest current in
this case.

On the other hand for unstable plasma conditions, the
ion beam emittance can easily vary a factor of 2 or 3 at
comparable ion beam intensity (see Fig. 6). This makes
the emittance scanner an extremely useful ion source tuning
aid and important step to improve the overall ion beam
transmission in the cyclotron injection line. Fig. 6 shows
an example of two different ion source tunes for a high
intensity %°Kr'°* beam at comparable currents and rf
power levels. The influence of the plasma stability on
the ion beam emittance can be clearly seen. The Faraday
Cup readings for both tunes are similar, and only the
emittance measurement indicates the presence of plasma
instabilities.
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